In this paper we investigate an unsupervised neural network approach for automatically extracting objects of interest from very high resolution (VHR) SAR images. The technique is based on the use of Pulse-Coupled Neural Networks (PCNN) which is a relatively novel technique based on models of the visual cortex of small mammals. The study discusses the use of PCNN technique in different applications. In a first case the extraction procedure is focused on the detection of buildings. In the second case the segmentation of a dark spot representing an oil spill in a SAR image is considered. The performance yielded by the PCNN is evaluated and critically discussed for a set of new generation of Xband SAR images taken by COSMO-Skymed and TerraSAR-X systems.
INTRODUCTION
Since 2007 the radar remote sensing science community can benefit from two new commercial high-resolution spaceborne synthetic aperture radar systems which are at the forefront of global technology and use very high-resolution (up to 1 meter) radar to observe the Earth day or night. The COSMO-SkyMed (COnstellation of small Satellites for the Mediterranean basin Observation) system, funded by the Italian Government and conducted by the Italian Space Agency (ASI), is a constellation of four satellites, equipped with X-band synthetic aperture radar (SAR) sensors, and related ground infrastructures dedicated to Earth observation for dual (civil and military) use. Its purpose is to monitor the globe for the sake of emergency prevention (management of environmental risks), strategy, and scientific and commercial purposes, providing data on a global scale. COSMO-SkyMed observations of an area of interest can be repeated several times a day in all-weather conditions. The first satellite of the constellation was launched on 7th June 2007, the second on 8th December 2007 and the third on 24th October 2008. The fourth launch is planned for 2010 1 . The German radar satellite TerraSAR-X was successfully launched on June 15th, 2007. With its active antenna, the spacecraft acquires Xband radar images of the entire planet whilst circling Earth in a polar orbit at 514 km altitude. TerraSAR-X has been designed to carry out its task for five years 2 
.
The availability of so many data claims for the possibility of using suitable and adequate tools for image processing, so as not to miss a significant percentage of the information contained in the acquired images. In particular, unsupervised techniques seem to be more appropriate because they allow the user to run at least part of the elaboration automatically. Neural Networks (NN) algorithms have been shown to be a rather competitive approach for automatic image classification in remote sensing compared to other traditional approaches 3 . Among NN techniques, PCNN is a relatively new and unsupervised one, based on the implementation of the mechanisms underlying the visual cortex of small mammals 4 . The visual cortex is the part of the brain that receives information from the eye. So far the use of PCNN in remote sensing has been rather limited to sparse examples. Karvonen introduces a modified PCNN model for extraction and classification of sea ice from 100 m spatial resolution Radarsat-1 SAR images 5 . More recently Pacifici and Del Frate have considered PCNN for urban change detection from VHR Quickbird optical acquisitions 6 .
In this work the capabilities of PCNN are investigated for the segmentation of X-band SAR images provided either by the TerraSAR-X mission or the COSMOSkyMed one. In the first case the task consists in extracting buildings from an extra-urban landscape. In the second case we focus on the problem of oil spill detection from SAR images. *delfrate@disp.uniroma2.it; phone +39 0672597734; fax +39 0672597460
METHODOLOGY AND RESULTS
The network is formed by multiple nodes linked to their neighbors. Only neighbors within a definite distance are taken into account. Each single PCNN unit has two input compartments: linking and feeding. Whereas the linking compartment is only locally connected, the feeding compartment receives both an external and a local stimulus. When the internal activity exceeds an internal threshold, the neuron fires and the threshold increases immediately its value. Afterward, it relaxes until once again the internal activity becomes larger. They are such relaxing and firing activities which determine the pulsing nature of PCNN. The waves generated by each iteration of the algorithm create specific signatures of the scene where edges of objects and more homogeneous areas are highlighted. In Fig. 1 the main structure of the PCNN model and its characteristic pulsing activities are illustrated while for more analytic expressions the reader may consider other already published papers 4, 5, 6 . Figure 1 . On the top, the structure of the PCNN model and, below, the output of the different blocks characterizing the model during the epochs iteration.
In their application for the segmentation of images each PCNN neuron pixel is associated to one pixel of the image. The satellite image is given as input to the PCNN after a quick pre-processing, generally aiming at mitigating the main speckle effects. On the other hand, the PCNN output can be filtered to remove high frequency spatial variations, mainly consisting of objects with an extension smaller than a certain threshold selected according to the operational context. Another key point is when to stop the iterating process of PCNN. In fact, to establish a-priori the number of iterations makes the technique fully automatic. We found that, as expected, the optimum number of iterations depends on the considered application. A few iterations can be necessary for building extraction while even only one or two iterations are enough for oil spill segmentation.
Building Extraction from TerraSAR-X
The TerraSAR-X image was taken over Rome (Italy) on November 24 th , 2007, with the satellite operating in Stripmap mode, HH polarization. More precisely, the selected area of interest is located nearby the Tor Vergata University campus, which facilitated our survey for ground truth verification. In the area, big buildings corresponding to shopping malls and business centers appear together with small houses in a mainly extra-urban landscape with large bare soil or uncultivated areas (Fig. 2a) . SAR imagery is hardly interpretable due to strong speckle and very high resolution (Fig.  2b) . Therefore the ground truth, represented by red ROIs in Fig. 2c , was taken on Google Earth optical image of Fig. 2a . Figure 2d represents the final building extraction result after that a simple filter to remove objects smaller than a established extension, viewed as not significant, was applied. For this result a number of 29 algorithm iterations was performed. We see that the main built structures in the scene are detected. A more quantitative evaluation of the accuracy of the PCNN was carried out comparing the output with the ground survey in terms of objects. In fact, in a pixel based analysis, a low value of the overall accuracy does not necessarily mean a low precision in buildings detection as most of the firing neurons, identifying an edge, are those characterized by a strong backscattering due to a double bound effect. Such an effect is usually stronger over some parts of man-made features and not over the entire buildings. Of the 46 objects contained in the examined scene 41 were detected by the algorithm which means a successful rate of about 87% (Fig. 2e) . Also the result based on a Roberts operator is shown (Fig. 2f) . In this case we have that the percentage of objects slightly decreases to 84.8% (39 out of 46). On the other hand, a significantly greater number of false alarms can be observed in this latter result.
Oil spill segmentation
It is known that one of the most critical issues for the implementation of a fully automatic processing dedicated to the detection of oil spills from SAR imagery is the extraction of the oil spill candidate. In fact, the segmentation of the image is the first of three necessary steps, the other two being the characterization of the extracted black spot by using a set of appropriate features and the classification between oil spill and look-alike 7 . Different approaches have been discussed in literature for dark spot detection in SAR images acquired over the oceans 8 . However, aside from the accuracy of the segmentation results, one of the crucial parameter for evaluating the performance in this context is the processing time which is necessary to provide the segmented image.
For investigating on the potential of PCNN in this kind of application we considered the recent event of the catastrophic explosion that caused an oil spill from a offshore drilling rig in the Gulf of Mexico. In Fig. 3 we show the segmentation results obtained with a COSMO-SkyMed ping-pong image (Fig. 3a) , of size 1278 x 1308 pixels, VV polarization, taken on 23 April 2010 over the area (Fig. 4b) , i.e. just two days after the big rig accident occurred. Note that the SAR image underwent a Gamma filter elaboration before being processed by PCNN. From Fig. 3c we see that the segmentation is performed with a good accuracy despite the backscattering heterogeneity visible both outside and inside the dark spot. The final result, with the smaller objects filtered, is shown in Fig. 3d . It has to be observed that the PCNN elaboration has been stopped after the first iteration which means that the main segmentation task is completed in near real time. For sake of comparison, the edge detection exercise was also carried out using a Sobel operator but the results were much less accurate in this case. It has to be added that, to test the robustness of PCNN technique when used with other types of satellite SAR images, some attempts have been made for segmentation of ERS-SAR and ENVISAT-ASAR products. The results confirmed the validity of the approach also for lower resolution images. This is very important for applications such oil spill detection where the frequency of the acquisitions over the area of interest can be a crucial issue and, therefore, the possibility of processing data provided by different platforms can be important. 
CONCLUSIONS
Since 2007 the very high resolution X-band images provided by the Cosmo-Skymed and TerraSAR-X missions are increasing the size of EO data archives. With this growth, the role of automatic processing chains is getting even more crucial as this kind of approaches reduces the human assistance in the data analysis, allows to gain time on the entire image processing and gives more possibilities to retrieve information in Near Real Time (NRT). Such concepts can be applied in different operational fields. One is the monitoring of urban environments, where the knowledge of changes in either natural resources or man-made structures is a valuable source of information for decision-making processes. A second one is the detection of oil, seriously affecting the marine ecosystem, over the sea surface.
In this paper we have presented some preliminary results obtained by using a PCNN technique for segmentation and object extraction from the two aforementioned space missions. The performance of the PCNN model, born at the beginning of nineties in the attempt of simulating the behavior of visual cortex of small mammals, was interesting under different points of view. First, PCNN increase significantly the level of automation in the processing scheme, due to their unsupervised nature. Secondly, the accuracy of the results can be provided as satisfactory if we compare PCNN with other edge detection suitable techniques. Finally the processing time was rather short for the required task: a few seconds for the buildings extraction and even less for the oil spill application. Additionally it has to be noted that the performance of the PCNN does not seem to dependent on the spatial resolution of the elaborated satellite SAR image. In fact, some investigation carried out on ERS-SAR and ENVISAT-ASAR imagery showed that the PCNN approach owns good properties of robustness. It has also to be reminded that PCNN wave signature is invariant to rotation, scale, shift or skew of an object within the image which could be of particular interest when the analysis of the image is carried on object base.
The use of PCNN is currently under investigation also for other cases of VHR SAR image segmentation such as coastline extraction. Also in this case preliminary results are encouraging and seem to confirm the big potential of the technique for VHR SAR image processing.
